Here, we use this peptide to demonstrate that under appropriate circumstances, reverse exchange is able to activate contraction. Moreover, this activation requires the presence of a functioning SR, which indicates that the reverse exchange can act as a trigger for SR calcium release. We also infer that when cells are dialyzed with concentrations of sodium that lie within a range of concentrations measured by others13-1' in intact cells, a significant fraction of the measured cell shortening is triggered by reverse sodium-calcium exchange.
hypothesis that reverse sodium-calcium exchange can Using similar methods, Niggli and Lederer3 demonstrated that sarcolemmal membrane potential did not affect this release. The recent discovery of ligand-gated calcium release channels in the SR provides a mechanistic basis to these findings,4 which have led to a "chemical synapse" theory1 of excitation-contraction coupling in heart. This theory requires that a calcium flux across the sarcolemma leads to a local calcium accumulation in the vicinity of the SR release channels (close to the sarcolemma), and this triggers contraction. However, it is unclear by which pathway this flux occurs. A number of results suggest that the movement of calcium through L-type calcium channels provided the trigger for calcium release under physiological conditions. 5 8 Conversely, the possibility that reverse sodiumcalcium exchange may provide triggering calcium has been raised. 9 Here, we use this peptide to demonstrate that under appropriate circumstances, reverse exchange is able to activate contraction. Moreover, this activation requires the presence of a functioning SR, which indicates that the reverse exchange can act as a trigger for SR calcium release. We also infer that when cells are dialyzed with concentrations of sodium that lie within a range of concentrations measured by others13-1' in intact cells, a significant fraction of the measured cell shortening is triggered by reverse sodium-calcium exchange.
Materials and Methods
All experiments were conducted at room temperature, which was approximately 23°C. We isolated guinea pig ventricular myocytes using a method similar to that described previ- 
The XIP sequence was scrambled with a random-number generator to produce the sXIP sequence.
Results
We first studied the contribution of 'Ca to excitationcontraction coupling in ventricular myocytes dialyzed with a high concentration of intracellular sodium. Cells were clamped at a holding potential of -130 mV with single microelectrodes containing 20 mmol/L sodium. This potential is negative to the reversal potential of the sodium-calcium exchange so that reverse exchange cannot occur and load the cell with calcium. After 15 minutes, the holding potential was set to -40 mV while the cell was superfused in a microstream containing the control solution. An initial inward lCa was activated every 4 seconds by depolarization of the cell to + 10 mV for 400 milliseconds. This produced a phasic contraction ( Fig 1A) . Nifedipine was very rapidly applied 400 milliseconds after the clamp pulse. During the next clamp, although we observed a dramatic decrease in inward lCa, cell contraction was well preserved (Fig 1A) .
This was a particularly good example of the way that nifedipine failed to block contraction; however, measurements from seven cells revealed that 'Ca was reduced from 0.83+0.10 to 0.12+0.2 nA but cell shortening was reduced only from 12.5+1.4 to 9.1±1.8 ,um (mean ±SEM). This result is displayed graphically in Fig  2A. Assuming the "trigger hypothesis" to be correct, we conclude that under these circumstances, very little ICa (ie, any remaining after nifedipine treatment) is required to trigger SR calcium release and cell shortening. This might occur if the relation between cell shortening and Ica is nonlinear. Alternatively, some other process is involved. We therefore investigated the possibility that the sodium-calcium exchange was triggering these contractions. Since XIP can inhibit sodium-calcium exchange without affecting 'Ca, 2 we dialyzed cells for 15 minutes with this substance and then repeated the foregoing experiment. XIP alone did not significantly alter contractions. However, application of nifedipine in the presence of XIP caused a large decrease in both the amplitude of 'Ca and cell contraction (Fig 1B) . Measure Fig  3A) . In the presence of nifedipine, 1Ca was decreased to a large extent and cell contraction was eliminated ( Fig  3A) . We have no reason to think that under these circumstances reverse exchange was not functioning. We therefore conclude that in the presumed absence of SR function, the combination of reverse exchange and Fig  3B) . Measurements from five cells revealed that while 'Ca was reduced from 1.14±0.26 to 0.14±0.04 nA, cell shortening was significantly reduced, from 9.0±1.8 to 1.4 ±0.4 ,um (mean±SEM). This is displayed graphically in Fig 2A. This was in striking contrast to the effect of nifedipine when the intracellular sodium was 20 mmol/L. Thus, in the nominal absence of intracellular sodium, contraction becomes largely dependent on lCa, which we assume is the only available trigger. These results lead to the inference that the nifedipine-sensitive contraction provides a rough indication of the fraction of contraction that is triggered by lCa. Any contraction that remains in the presence of nifedipine is largely triggered by reverse sodium-calcium exchange.
We also used the rapid switcher to investigate the effect of nifedipine on contraction when the cell was dialyzed with 10 mmol/L sodium. The procedure for measuring the effect of nifedipine on contraction was identical to that already described, except that cells were initially voltage clamped at a holding potential of -90 mV. A typical result is displayed in Fig 4A. Measurements on five cells indicate that when lCa is reduced by nifedipine from 1.28+±0.12 to 0.25+0.04 nA, shortening is reduced from 9.4±0.4 to 4.8+0.4 gm (mean ±SEM) (Fig 2A) . Thus, about 49% of shortening is nifedipine inhibitable. Most of the remaining shortening is activated by SR calcium release that is triggered by the sodium-calcium exchange. Results with XIP confirm this (Fig 4B) . If we assume that the highest concentration of intracellular sodium in these experiments was 20 mmol/L and resting intracellular calcium was at 100 nmol/L, we calculate that the exchange will reverse at approximately -100 mV. During experiments with 20 mmol/L sodium we held the cell at -130 mV to prevent continual reverse exchange until depolarizing pulses were applied. Since we required approximately 15 minutes for dialysis with XIP to take place (inhibition of exchange is not instantaneous), this precaution was clearly necessary to prevent excessive calcium overload. Although the cells were dialyzed for 15 minutes with XIP, they did not go into contracture. This was either because the inhibition was not complete after this amount of time or the resting leak of calcium could be compensated by the sarcolemmal calcium pump. Even if a small fraction of the exchange escapes inhibition, it still may have sufficient capacity when combined with the sarcolemmal calcium pump to compensate the resting transsarcolemmal calcium leak that occurs between clamp pulses. It is, however, probable that with 20 mmol/L sodium in the pipette, the SR was heavily loaded, and it appears that under these circumstances, either lCa or the sodium-calcium exchange can easily trigger contractions. It must be borne in mind that with a heavily loaded SR, abnormally small transsarcolemmal fluxes may be required to release SR calcium, so that the elimination of the exchange by XIP would be offset by an increased SR content. With 10 mmol/L sodium the control contractions were significantly weaker than those obtained with 20 mmol/L sodium, suggesting that the SR was not overloaded even in the presence of XIP (Fig 2) . However, it will be difficult to assign a specific fraction of the trigger to either sodiumcalcium exchange or ICa until we can control the content of the SR during these experiments. In addition, we note that approximately 15% of lCa remains after nifedipine treatment. It is unlikely that 15 minutes of XIP treatment completely abolishes reverse exchange. The contraction remaining after both XIP and nifedipine is most likely due to Ca2' entering the cell through pathways that partially escape inhibition.
It is not clear to what extent the reverse exchange functions as a trigger under physiological conditions. Estimates of intracellular sodium in guinea pig myocytes range from about 5 to 15 mmol/L, depending on temperature and whether the cell is at rest or active.13-15 It is probable that when our cells were dialyzed with 10 mmol/L sodium, intracellular sodium was in the range reported for intact cells. Unless triggering by reverse exchange falls off remarkably steeply with intracellular sodium, we believe that triggering by the exchange will still be detectable when intracellular sodium is 6 or 7 mmol/L. At membrane potentials corresponding to the plateau of the action potential, 'Ca will be smaller and reverse exchange larger. In addition, the exchange has a large increase in rate produced by raising the temperature 10°C (Qlo). Thus, during action potentials at 37°C, it is possible that triggering of SR calcium release by exchange will be greater than observed here. Any intervention that increases intracellular sodium, eg, increases in stimulation frequency or glycoside treatment, will also serve to enhance triggering by reverse exchange, which may provide a powerful inotropic mechanism. The idea that reverse sodium-calcium exchange can trigger contractions has recently been emphasized by Leblanc and Hume.9 These authors have suggested that as a result of sodium entry through a tetrodotoxin-sensitive pathway, sodium accumulates in the vicinity of sodium-calcium exchangers. This favors reverse exchange. To simplify the analysis, we have conducted our experiments at potentials that inactivate sodium currents.
